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Glass impingers (AGI-30) were used at a commercial sludge application site to determine the levels of
airborne bacteria and pathogen indicators. Even though heterotrophic bacteria averaged 105 CFU/m3, none of
the sites showed the presence of Salmonella spp. or indicators such as fecal coliforms or coliphages. Indicators
such as H2S producers and pathogenic clostridia were present in locations having significant physical agitation
of the sludge material. PCR-based ribotyping using the 16S-23S interspacer region is a promising method to
identify the genetic relatedness and origins of airborne clostridia.
Municipal sewage sludges are routinely utilized on agricul-
tural lands in various parts of the world. In the United States,
as much as 33% of the municipal sludge produced is applied
onto agricultural lands (22, 25). With the ban on ocean sludge
dumping and the increasing restrictions on landfills, disposal
onto land surfaces becomes almost the only alternative and is
expected to increase in the future (26). One of the primary
hazards associated with sewage sludges is the accumulation of
pathogenic microorganisms. Though there have been numer-
ous reports on pathogen survival in agricultural lands and
waterways exposed to sewage sludges (13, 14, 23, 27), there is,
surprisingly, only limited information on the occurrence of
airborne microbial pathogens during sludge application. Most
of the available information is based on aerosol studies con-
ducted near wastewater treatment plants, at effluent spray ir-
rigation sites, and within waste-handling facilities (6, 17, 20).
There are public concerns regarding the potential exposure to
airborne microbial pathogens within population centers sur-
rounding the application sites. The sludge application program
in Sierra Blanca, Tex., is one of the largest commercial oper-
ations in the United States, covering approximately 7.2 3 107
m2 of rangeland (8). Dewatered, anaerobically digested mu-
nicipal sewage sludge from New York City is transported by
rail to Sierra Blanca, where it is surface applied as a semi-solid
‘‘cake’’ form on arid rangelands at an annual rate of 3 dry tons
(ca. 2,700 kg)/4 3 103 m2. Since this rangeland is located in an
arid, windswept region, the potential for airborne microbial
pathogens could be considered high (5, 21). There are serious
public concerns of airborne transmission of microbial patho-
gens to the neighboring town of Sierra Blanca, which is located
approximately 4 mi (ca. 6 km) to the closest sludge application
area.
To determine if sludge application results in airborne bac-
terial pathogens at locations around the application sites, a
4-month monitoring study was initiated in August 1994. The
primary objective of the study was to determine the abundance
of the airborne bacterial pathogens and indicator organisms at
various locations within and around the site, as well as to
determine if sludge-derived bacterial pathogens were detect-
able at the rangeland-population interface. A secondary objec-
tive of the study was to evaluate the efficacy of using the
16S-23S interspacer region as a tool to ribotype airborne clos-
tridia to assist in identifying their origins.
The Sierra Blanca Ranch in far west Texas is in the Chihua-
huan Desert, which is characterized by limited precipitation,
high summer air temperatures, high wind velocities, and low
relative humidities (28). The ranch covers approximately 5 3
108 m2, of which only 7.2 3 107 m2 is currently being used for
sludge application. Wind velocities on the ranch rarely exceed
32 km/h (average around 8 km/h), though occasional gusts of
up to 65 km/h have been recorded. Five sampling locations
were chosen, namely, the ‘‘Upwind’’ (representing sites upwind
of the sludge application areas), the ‘‘Rangeland-Population
Interface’’ (representing the interface between the sludge ap-
plication area and the population center at Sierra Blanca), the
‘‘Old Application’’ locations (representing areas where sludge
had been previously applied), the ‘‘Sludge Application’’ areas
(representing locations directly under current sludge applica-
tion), and the ‘‘Hopper Loading’’ sites where mechanized
sludge spreaders (hoppers) are loaded with front-end loaders.
The Hopper Loading sites served as locations with maximal
physical disturbance of both the sludge material and the soil
and therefore had the maximum potential for generating air-
borne microorganisms.
The sampling was based on the American Society for Test-
ing and Materials method for sampling airborne microorgan-
isms at municipal solid-waste facilities (4). The AGI-30 im-
pinger (Ace Glass, Vineland, N.J.) was employed, with the
samples being concentrated (20 min at 12 liters/min) in 20 ml
of 0.1% peptone. Peptone was used to aid in resuscitating
potentially stressed organisms. Impingement rather than im-
paction was chosen since it provided protection against micro-
bial injury during sampling and transportation (29). A total of
15 sampling trips were made during the study, with at least two
trips to each of the five locations. Five replicate air samples
were collected during each trip. The procedure was as follows:
two impingers sampling simultaneously for 20 min, followed by
two more impingers (also sampling simultaneously) for 20 min,
and the last impinger sampling for 20 min. The entire proce-
dure, including equipment setup, took no more than 70 min.
The impingers were always positioned downwind and 1.5 m
above the ground, which corresponds to the average breathing
height of an individual. Basic meterological measurements
such as wind speed, temperature, and other weather conditions
were obtained with hand-held instruments and from an on-site
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meterological facility (Table 1). The samples were transported
on ice and processed within 4 h. The 20-ml samples were
initially concentrated to between 0.5 and 5.7 ml with Cen-
triprep-50 concentrators (Amicon, Beverly, Mass.) by a two-
step centrifugation procedure (1,0003 g for 5 min and 1,0003
g for 1 min) to enhance the detection sensitivity. Aliquots of
the concentrated sample were analyzed for specific microbial
populations.
Aerobic heterotrophic bacteria. Aliquots (100 ml) of the
undiluted sample and 1:25 and 1:625 dilutions were plated on
R2A media (Difco, Detroit, Mich.) and incubated at 278C for
5 days. These populations ranged from 6.4 3 101 to 3.1 3 106
CFU/m3 at the various locations at the site (Table 1). The
Hopper Loading sites exhibited the highest number, with pop-
ulations averaging 2.2 3 105 CFU/m3, while the Upwind site
exhibited the lowest numbers, averaging 8.7 3 104 CFU/m3.
The higher levels of airborne bacteria at the Hopper Loading
site could be attributed to the physical agitation of the sludge
material during sludge-loading operations. There was, how-
ever, no direct correlation between wind speed and bacterial
population densities (r2 5 0.05). Note that, under low-wind
conditions, the heterotroph counts were actually higher than
those obtained under stronger winds. Grinshpun et al. (10)
have reported that the ‘‘aspiration efficiency’’ of air samplers
generally declines under strong wind conditions. There was,
however, variability in bacterial abundance at a single site on
different days (Table 1), which other studies have also reported
as being characteristic of bioaerosols (6, 7, 18, 24). Since the
sampling at the Hopper Loading site was performed approxi-
mately 15 to 30 m downwind of the sludge-loading operations,
these values could represent the maximum airborne bacterial
loading potential during physical agitation of sludge material
(under similar weather conditions) during these operations.
These airborne heterotrophic bacterial levels are greater than
those reported by Brenner et al. (6), who reported bacterial
levels ranging from 102 to 104 at a wastewater spray irrigation
facility (6). Possible reasons for the elevated numbers in this
study are that the samplers were operated close to their opti-
mal sampling flow rate, the R2A medium was a better isolation
medium, and impingement may have resulted in a breakup of
larger-sized particles resulting in higher CFU counts (18).
Salmonella spp. and pathogen indicators. The standard five-
tube most probable number (MPN) method (3) was adopted
for enumerating Salmonella spp., fecal coliforms, and fecal
streptococci with 1-ml aliquots of the 1:25, 1:625, and 1:15,625
dilutions as inocula. Since hydrogen sulfide-producing bacteria
(Salmonella, Citrobacter, Clostridium, Proteus, Edwardsiella,
and some Klebsiella species) have been shown to be associated
with the presence of fecal contamination (19), the commer-
cially available PathoScreen medium (Hach Co., Loveland,
Colo.) was utilized as a presence-absence assay for detecting
H2S producers. One hundred microliters of the concentrated
sample was incubated with 5 ml of the reconstituted media at
278C for a minimum of 48 h before confirmation. Since clos-
tridial spores present in sewage sludges serve as a better indi-
cator for fecal contamination than coliforms (13, 15), patho-
genic clostridia were enumerated by using the selective
Clostrisel agar (Acumedia) and 100 ml of the concentrated
sample was used as the inoculum. The plates were incubated
anaerobically at 358C for at least 48 h before enumeration.
Two methods, namely, the colorimetric (presence-absence) as-
say (16) and the soft agar overlay (1), were employed to detect
coliphages. Escherichia coli ATCC 13706 (C-3000) and ATCC
15597 were used in the agar overlay method as hosts to detect
somatic and male-specific (F1) coliphages, respectively, along
with 0.1 ml of sample inoculum.
None of the sites showed the presence of Salmonella spp.
Hydrogen sulfide producers and Clostridium spp. (5.1 3 102
CFU/m3) were detected only at the Hopper Loading site (on
three out of four days) (Table 1). Even at this site, none of the
samples were positive for fecal coliforms or fecal streptococci.
It is interesting that even though sewage pathogen indicators
such as Clostridium spp. and hydrogen sulfide producers were
detected at the Hopper Loading site (Table 1), none of the
TABLE 1. Weather conditions and airborne bacterial populations at the sampling sitesa
Location and date
(mo/day/yr)
Primary wind
direction
Mean relative
humidity (%)
Mean air
temp (8C)
Mean wind
speed (mph)b
Clostridium
CFU/m3c
Heterotrophs
(CFU/m3)d
H2S
productione
Upwind
10/12/94 South 18 22 2.96 bd 3.3 3 103 2
10/19/94 South 45 21 0.48 bd 1.7 3 105 2
Sierra Blanca Interface
8/12/94 South 39 27 2.56 bd 5.4 3 102 2
8/30/94 South 35 28 2.12 bd 2.1 3 105 2
10/27/94 West 53 18 2.58 bd 1.0 3 104 2
Application Site
8/23/94 West 38 29 2.3 bd 2.7 3 104 2
9/12/94 South 34 28 2.82 bd 2.5 3 105 2
10/4/94 South 33 27 4.42 bd 4.2 3 103 2
11/7/94 South 24 21 5.14 bd 2.2 3 104 2
Hopper Loading
9/6/94 South 64 24 3.8 bd 5.6 3 101 1
9/15/94 West 39 25 4.82 5.17 3 102 6.3 3 105 1
10/6/94 West 33 22 4.11 4.98 3 102 1.8 3 105 1
11/9/94 North 24 17 3.21 bd 7.0 3 104 2
Old Application Site
9/8/94 North 37 28 2.56 bd 5.7 3 104 2
9/30/94 South 15 29 2.89 bd 7.6 3 103 2
a Salmonella spp. and fecal bacteria were below detection limit (168 MPN/m3) for all locations and dates.
b 1 mph 5 1.609 km/h.
c bd, below detection limit (33 CFU/m3).
d Detection limit 5 21 CFU/m3.
e 1, H2S producing; 2, not H2S producing.
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samples showed the presence of other indicators such as fecal
coliforms or fecal streptococci. These results further confirm
that clostridia and H2S producers are better indicators of air-
borne sewage- or sludge-derived material than traditionally
employed bacterial indicators (13, 15). It must be mentioned
that the absence of fecal coliforms and fecal streptococci in the
air samples is important, considering that the levels of these
indicator bacteria in the sludge piles at the Hopper Loading
site were 2.33 104 MPN Salmonella spp., 1.13 108 MPN fecal
coliforms, and 3.5 3 106 MPN fecal streptococci per g of wet
sludge, respectively.
None of the sites were positive for F1 or somatic coliphages.
Brenner et al. (6) have also reported recovering very low num-
bers of coliphages (0 to 9 PFU/m3) even when sampling large
air volumes. Unlike spray irrigation sites where there is a
greater propensity for aerosol generation, the potential for
virus transmission from sludge application sites under low-
wind conditions may be minimal. Fannin et al. (9) have also
reported that they were unable to detect enteroviruses from as
much as 190 m3 of air, compared to the AGI sampler, which
collects only 0.24 m3 during impingement.
Ribotyping of airborne clostridia. To determine whether the
differences in the 16S-23S interspacer region’s length could be
utilized as a tool to distinguish airborne clostridia and thereby
identify their possible sources, the clostridial isolates from the
air and sludge samples were ribotyped by using PCR primers
specific to this region. Gurtler (11) had previously demon-
strated that the variable length of the 16S-23S interspacer
region of rRNA operons could serve as an effective tool to
highlight genetic differences between clostridial strains. For
ribotyping, the primer pair 59 TTG TACACA CCG CCCGTC
and 59 CCT TTC CCT CAC GGT ACT G (specific to the
spacer region) was employed in PCR amplifications using the
following reaction conditions: 958C for 1 min, 558C for 1 min,
and 708C for 3 min (40 cycles). The reaction products were
resolved on a 2% submarine NuSieve (FMC Bioproducts,
Rockland, Maine) agarose gel. In order to differentiate isolates
having similar ribopatterns, the PCR products from these iso-
lates were restriction digested withHindIII (Boehringer Mann-
heim) at 358C for 60 min and resolved on a 1% agarose gel.
A total of 13 different Clostridium isolates were obtained
during the course of this study, some directly from sludge
material (at the Hopper Loading site) and four isolates from
the air samples collected on 15 September and 6 October 1994.
The airborne isolates were ribotyped to determine whether
they were genetically related to those isolates obtained from
the sludge samples. Figure 1A is the ribopattern for the clos-
tridial samples collected on the various days. The isolates from
the air samples (lanes G, H, I, and J) (collected on 15 Sep-
tember and 6 October) are clearly distinct from those from the
sludge material (lanes B, C, D, E and F) (collected on 15
September), suggesting they are genetically distinct or unre-
lated (11). It is, however, possible that the overall genetic
similarities between the sludge and the air sample isolates may
have been missed since a larger number of isolates was not
screened. Since it was not possible to distinguish the related-
ness of the different airborne clostridial isolates by the in-
terspacer region amplification alone, restriction digestions
were performed on the amplified products. Figure 1B is the
restriction digest pattern. It is evident (on the basis of the sizes
of the primary bands at around 450 bp) that the airborne
clostridial isolates obtained on 15 September 1994 were closely
related to airborne clostridia obtained almost 3 weeks later on
6 October 1994, suggesting some common origin which was
unidentifiable. These results indicate that sequence variations
of the 16S-23S interspacer region could be an effective tool to
rapidly determine (via PCR) the genetic relatedness of air-
borne clostridia, which could have significant epidemiological
value.
The results suggest that land application of municipal sludges
at 3 dry tons (ca. 2,700 kg)/4 3 103 m2 poses little risk of air-
borne transmission of bacterial pathogens (under relatively
similar geographical and weather conditions) and that the pop-
ulation center (4 mi [ca. 6 km] downwind) is not impacted by
airborne bacterial pathogens from the sludge application area.
The absence of sludge-derived airborne pathogens at any of
the locations, especially the interface, is supported by other
studies conducted to measure dust generation during sludge
FIG. 1. (A) Ribopattern of clostridial isolates obtained on two sampling days
at the Hopper Loading site. Lanes: A, 100-bp ladder; B, C, D, E, and F,
sludge-derived clostridial isolates; G through J, clostridial isolates from air sam-
ples (G and H, 15 September 1994; I and J, 6 October 1994). (B) HindIII digest
of PCR product from clostridial isolates obtained from sludge and air samples
obtained on two sampling days at the Hopper Loading site. Lanes: A and B,
clostridial isolates obtained on 15 September 1994; C and D, clostridial isolates
obtained on 6 October 1994; E, l/HindIII and EcoRI.
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application and its potential impact on the interface. Harris
(12) has reported that only 0.026 g of particulate material
accumulated in samplers after 25 days of continuous sampling.
It is clear, however, that physical agitation of sludge material
(as in the Hopper Loading site) could result in the generation
of a large number of diverse bacterial populations in the im-
mediate vicinity, raising questions of possible sludge-handling
worker exposure. The results confirm the importance of using
alternate pathogen indicators such as hydrogen sulfide produc-
ers and pathogenic clostridia in addition to traditional indica-
tors such as fecal coliforms and fecal streptococci. Though
more sophisticated and expensive air samplers are available,
the AGI-30 sampler, even with its limitations (18), can be
extremely effective at sampling airborne bacteria. Impinge-
ment into liquid media provides versatility, in that aliquots can
be analyzed for a variety of different bacterial genera and for
molecular analyses (2). The study demonstrates that ribotyping
airborne clostridia by using the 16S-23S interspacer region
provides two significant advantages. First, the sequence varia-
tion within the clostridial interspacer region can be effectively
used to type clostridia; second, since a number of studies have
indicated that clostridia are better indicators of sludge material
than traditional pathogen indicators, clostridium detection and
ribotyping could serve as an excellent approach for identifying
the presence of airborne pathogens and determining their or-
igins or sources.
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